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Introduction
Pulmonary sarcoidosis is an inflammatory granulomatous disease of unknown cause(s) [1] . The course and prognosis of sarcoidosis vary greatly. High rate of spontaneous remissions is known in patients with early disease that present constellation of specific features called Löfgren's syndrome. On the other hand, an insidious onset of the disease without Löf-gren's syndrome may be followed by progressive fibrosis [1] .
Sarcoidosis progression has not been associated with any particularly specific immunological parameters although sarcoidosis inflammation is generally characterized by elevated production of proteolytic enzymes, cytokines and chemokine ligands/receptors, and other molecules with immune-regulatory functions [1, 2] . Expression of these proinflammatory factors is modulated by miRNome that composes of numerous small single-stranded (20-24 nucleotides long) noncoding RNAs termed miRNAs (alias microRNAs). They bind to complementary mRNA sequences within target genes whose expression is subsequently regulated through posttranscriptional repression [3] . The regulatory property of miRNAs is generally associated with their cytoplasmic accumulation in a cell [3] .
In pulmonary sarcoidosis, the intracellular expression of miRNAs has been investigated in bronchoalveolar cells, peripheral blood mononuclear cells, and the lung tissue [4] [5] [6] . In addition, some intracellular miRNAs have been reported to have altered expression during sarcoidosis progression [4, 5] . Besides their intracellular accumulation, however, miRNAs are known to be present in extracellular fluids [7] [8] [9] . Little information on the extracellular miRNAs only exists in sarcoidosis [7] . In addition, the sparse data should be confirmed with regard to current recommendation for normalisation strategy of extracellular miRNAs [7, 10] .
We have therefore investigated expression stability of serum miRNAs in sarcoidosis and then compared serum expression of miRNAs in sarcoidosis patients classified according to the presence of Löfgren's syndrome as a hallmark of good prognosis in comparison to group of patients with more advanced disease course.
Methods

Subjects.
Serum samples were obtained from 13 healthy controls and 24 patients with pulmonary sarcoidosis according to a standard protocol [11] . Diagnosis of pulmonary sarcoidosis was made according to the criteria of ATS/ERS/ WASOG International Consensus Statement [12] . Löfgren's syndrome was characterized by erythema nodosum, bilateral hilar lymphadenopathy, fever, and polyarthritis. All patients with Löfgren's syndrome had chest X-ray (CXR) stage ≤ 1 ( = 12) and all patients without Löfgren's syndrome had CXR stage ≥ 3 ( = 12). Clinical characteristics and bronchoalveolar cellular profile are provided in Tables 1 and 2 , respectively.
All patients were recruited at the Department of Respiratory Medicine and TBC, University Hospital in Olomouc, the Czech Republic. The study was performed with the approval of Ethical committees of Medical Faculty PU & University Hospital, Olomouc. Informed consent for the anonymous usage of all serum samples for the purposes of the study was obtained from all enrolled subjects.
RNA Isolation and RT-PCR.
To ensure sample quality without erythrocyte miRNAs contamination, the level of haemolysis in all serum samples was assessed by spectrophotometry (NanoDrop 1000, USA) [11] . No serum sample had A414 reading above a value of 0.2 [13] .
Extracellular RNA was isolated from 300 L of serum by using miRCURY6 RNA isolation kit for biofluids (Exiqon, Denmark). PCR conditions and all reaction mixes were adopted from the user bulletin by Applied Biosystems (Protocol for Creating Custom RT and Preamplification Pools using TaqMan5 MicroRNA Assays).
Briefly, multiplex reverse transcription (RT) was performed with TaqMan MicroRNA Reverse Transcription kit (Applied Biosystems, CA, USA) and RT primer pool prepared by mixing 5x RT primers provided in TaqMan 
Data Analysis and Statistics
. Second derivative method, described previously in our laboratory [14] , was used to assess Cq and efficiency of RT-PCR. The particular miRNAs were selected based on early published screening data in sarcoidosis [7, 15] and our pilot qPCR data that were partly published at European Respiratory Society Congress in 2015 [16] . Only miRNAs with efficiency within 1.7-2.0 (27 miRNAs) were utilised for the subsequent analyses [17] (Supplementary Material/Online Resource 1). GeNorm and NormFinder algorithms were used to reveal a normalisation factor with the highest stability [18, 19] .
Regarding univariate statistical analysis, Mann-Whitney U test was used to detect possible differences in relative expressions of miRNAs between the study groups. To account for a high false-positive rate possibly caused by a multiple comparison among 3 study groups, correction of value was performed by using false discovery rate (FDR) method according to Benjamini and Hochberg [20] where desired FDR equaled 5% and a value ≤ 0.03 was considered to be significant.
Multivariate analysis was performed with SIMCA P version 13.5.0 (Umetrics, AB, Umeå, Sweden) by using principle component analysis (PCA) and orthogonal projections to latent structures (OPLS) analysis [21] . Analyses were performed on log 2-transformed, quantile-normalised, meancentered data scaled to unit variance. Model performance is reported as cumulative correlation coefficient for the model ( 2 ), predictive performance based on 7-fold cross-validation (
2 ), and cross-validated ANOVA (CV-ANOVA) values for OPLS-based group separation [22] .
Pathway Analysis.
MiRSystem (ver. 20150312) was used to assess the possible cumulative effect of the dysregulated miRNAs on gene expression in sarcoidosis [23] . The fold changes of means (patients/controls) of the altered miRNAs were used as an input, including Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathways and an observed-toexpected ratio of greater than 1.0. To balance the reliability of the predictions with a manageable number of records, a number of algorithms predicting the same miRNA-gene interaction pair were set at three algorithm hits, including validated miRNA-gene pairs. Only biological functions/pathways with at least 25 genes and at most 500 genes were analysed.
Results
Univariate Analysis of miRNAs in Pulmonary Sarcoidosis.
To increase reliability of qPCR data on extracellular miRNAs, several normalisation strategies were tested before own statistical analysis comparing possible differences among study groups. Briefly, both NormFinder and GeNorm algorithms consistently showed a geometric mean of 23 extracellular miRNAs that were expressed in all subjects, to have the lowest expression variability within all samples.
In comparison to healthy controls, we consistently observed the increased expressions of miR-146a-5p and miR-16-5p and decreased expressions of miR-425-5p and miR-93-5p in both groups of our sarcoidosis patients with/without 
Multivariate Analysis of miRNAs in Pulmonary Sarcoidosis.
Multivariate analysis was performed to investigate an effect of coexpression of several dysregulated serum miRNAs in sarcoidosis (Supplementary Material/Online Resource 2). Both multivariate analyses of 6 and 7 miRNAs that were dysregulated either in the patients with Löfgren's syndrome or in the patients without Löfgren's syndrome showed consistently that OPLS modelling provides a significant separation between our patients with pulmonary sarcoidosis irrespective of disease course and the healthy controls resulting in the predictive power of 72% and 65% ( 2 = 0.737 and 2 = 0.691702 and 2 = 0.717 and 2 = 0.652; = 9.2 × 10 −7 and = 9.16 × 10 −6 ) based on 7-fold cross-validation (Supplementary Material/Online Resource 2). The multivariate modelling with three miRNAs that were dysregulated in the univariate analysis between our patients with Löfgren's syndrome and those without Löfgren's syndrome showed a significant separation with a poor reproducibility in our training data set resulting in the poor predictive power of 44% 
Pathway Analysis.
To reveal cumulative effect of the dysregulated miRNAs on gene expression, pathway analysis with miRSystem database was performed. The "Pathways in Cancer" was consistently predicted to be targeted with the highest miRSystem score by both expression profiles that were dysregulated in the patients with/without Löfgren's syndrome compared to healthy controls ( = 5.0 × 10 −9 and = 9.0 × 10 −7 ; Supplementary Material/Online Resource 3). In this pathway, all 6 miRNAs (miR-146a-5p, miR-16-5p, miR-425-5p, miR-425-5p, miR-21-5p, and miR-340-5p) that were dysregulated in the patients with Löfgren's syndrome were predicted to modulate 103 target genes based on experimental validation according miRSystem (Table 3) . Further, all 7 miRNAs (miR-146a-5p, miR-16-5p, miR-425-5p, miR-425-5p, miR-150-5p, miR-1, and miR-212-3p) that were dysregulated in the patients without Löfgren's syndrome were predicted to modulate 112 target genes based on experimental validation according miRSystem (Table 3) .
The "Transforming Growth Factor (TGF)-signalling pathway" with its highest miRSystem score among KEGG pathways was predicted to be significantly affected ( = 1.9 × 10 −10 ; Supplementary material/Online Resource 3) by the cumulative effect of three miRNAs whose serum expressions were dysregulated between our patients with Löfgren's syndrome and those without Löfgren's syndrome. In this pathway, three miRNAs (miR-340-5p, miR-212-3p, and miR-21-5p) targeted 25 experimentally validated genes (Table 3 ).
Discussion
This work attempts to provide an insight into differential expression of extracellular miRNAs in sarcoidosis patients classified according to the presence of Löfgren's syndrome as a hallmark of good prognosis in comparison to advanced disease course. Our geometric mean-normalised expression showed that serum miR-146a-5p, miR-16-5p, miR-425-5p, and miR-93-5p are consistently dysregulated, regardless of sarcoidosis prognosis, in our patients with pulmonary sarcoidosis compared to healthy controls. Specifically, patients Mediators of Inflammation without Löfgren's syndrome had dysregulated expressions of miR-150-5p, miR-1, and miR-212-3p and those with Löfgren's syndrome had dysregulated miR-21-5p and miR-340-5p in comparison to healthy controls. MiRSystem predicted the Pathways in cancer to be consistently affected by both of the dysregulated expression profiles in sarcoidosis with/without Löfgren's syndrome. Three serum miRNAs (miR-21-5p, miR-340-5p, and miR-212-3p) differed between the sarcoidosis patients with Löfgren's syndrome and those without Löfgren's syndrome. Their cumulative effect may modulate the "transforming growth factor (TGF)-signalling pathway" during sarcoidosis progression. Because of a lack of current knowledge on stably expressed extracellular miRNAs in serum from the patients with sarcoidosis, the best approach of qPCR data normalisation was investigated at the earliest. A geometric mean of all expressed extracellular miRNAs showed the best stability and was therefore used to normalise the raw qPCR data in subsequent analysis comparing the study groups. The geometric mean-normalisation is different from that used by Jazwa et al. who measured like our paper serum expressions of miR-16-5p, miR-146a-5p, and miR-150-5p in sarcoidosis patients [7] . They did not find any of these serum miRNAs to be dysregulated in pulmonary sarcoidosis. It is in contrast with our observations and could be explain by the different normalisation approach in combination with different representation of CXR stages among the sarcoidosis patients in the study by Jazwa et al. [7] .
In comparison with our healthy controls, dysregulation of 4 miRNAs was consistently presented in sarcoidosis as a whole. However, we also observed several miRNAs to be associated with either the presence of Löfgren's syndrome or its absence. Through these differences, the "Pathways in Cancer" was consistently predicted to be modulated by cumulative effect of both of the serum expressions profiles in pulmonary sarcoidosis with/without Löfgren's syndrome. Remarkably, an increased risk of cancer is discussed in sarcoidosis patients and the presence of sarcoidosis granuloma has been reported in case studies on oncology patients [24] [25] [26] . This relationship has been also supported by other authors [27] . The dysregulation of serum miRNAs in our sarcoidosis patients may therefore result from the inflammation, apoptosis, and angiogenesis frequently accompanying various malignant processes [28] [29] [30] and it likely may not be directly related to presence/absence of Löfgren's syndrome in sarcoidosis.
In addition, several particular target genes of the "Pathways in Cancer" have been indeed indicated in wet laboratory to be dysregulated at their protein and/or mRNA level in sarcoidosis [31] [32] [33] [34] [35] [36] . Among them, WNT (wingless and integrase-1)7A, catenin-beta, and transforming growth factor-(TGF-) are concurrently involved into other signalling pathways, including the WNT and TGF-signalling pathways [23] . Both of these signalling pathways were already once predicted to be modulated by cumulative effect of several intracellular miRNAs that are dysregulated in the peripheral blood lymphocytes and the lung tissue obtained from sarcoidosis patients [6] .
In line with the intracellular miRNAs-based prediction [6] , the "TGF-signalling pathway" was predicted here to be affected by the extracellular serum miRNAs (miR-21-5p, miR-340-5p, and miR-212-3p) that differed between our patients with Löfgren's syndrome and those without Löfgren's syndrome. Taking into consideration a profibrotic character of TGF-action [37] , it is notable that the "TGF-signalling pathway" was predicted here although only two patients with fibrotic changes (CXR stage IV) were enrolled in this study. Besides them, the other patients without Löfgren's syndrome had CXR stage III in this work. We may therefore speculate on an incipient fibrotic process that involves posttranscriptional regulation beginning before CXR stage IV. On the other hand, our patients with CXR stage ≥ 3 did not have dysregulated expression of miR-21 whose elevation has been associated with IPF [38] .
Thus, comparison among all 5 CXR stages needs to be elucidated to gain a whole insight into the disease course ranging from invisible abnormality of the intrathoracic lymph nodes toward the lung parenchymal involvement and lung fibrosis in the most advanced sarcoidosis [1] . This could even reveal the key regulatory player leading to the disease remission that is known to be common (55-90%) in early disease (namely, in Löfgren's syndrome) whereas rare (10-20%) and absent in CXR stage III and IV, respectively.
Our multivariate analysis showed significant separation between our sarcoidosis patients and healthy controls. However, three miRNAs (miR-21-5p, miR-340-5p, and miR-212-3p) did not provide good model to separate our sarcoidosis patients according to the presence/absence of Löfgren's syndrome. The lack of profound differences between two groups of our patients with sarcoidosis is in line with current poor knowledge on any sufficiently sensitive and specific serum profile for the disease course [39] . This seems not to stand for genetic background as several genetic variants have been reported to be associated with Löfgren's syndrome [40] [41] [42] .
It should be noted that some miRNAs with plausible relevance for sarcoidosis pathogenesis were not investigated and this could represent a limitation of our study. Our multiplex qPCR method did not also allow us to perform any high-throughput screening, although we assessed higher number of serum miRNA than a previous study on serum miRNAs in sarcoidosis [7] . Our selection was based on the current knowledge on intracellular miRNAs in pulmonary sarcoidosis [6, 15] . Taking into consideration different biological properties, for example, the broadly discussed processing during cell-cell communication, intracellular miRNAs are unlikely to be dysregulated in parallel with their intracellular expression [43] . Thus, a high-throughput screening for extracellular miRNAs may reveal new serum biomarkers of sarcoidosis and the disease prognosis.
In conclusion, we report several serum miRNAs to be associated with pulmonary sarcoidosis and also further differences between our sarcoidosis patients stratified according to the presence/absence of Löfgren's syndrome as a hallmark of good prognosis. In an attempt to link the serum miRNAs to certain biological processes using bioinformatics tools, the "Pathways in Cancer" was predicted to be related to pulmonary sarcoidosis as a whole whereas the "TGF-beta signalling pathway" was predicted to be related to the disease course. The complex interplay between the serum miRNAs and the predicted target genes of these signalling pathways remains the matter of future experimental investigation to gain detailed insight into the pathological mechanisms underlying the disease and its advancement.
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